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ABSTRACT
Reported estimates of CH4 emissions from ruminants 
and manure management are up to 2 times higher in 
atmospheric top-down calculations than in bottom-up 
(BU) inventories. We explored this discrepancy by esti-
mating CH4 emissions of 2 dairy facilities in California 
with US Environmental Protection Agency (US EPA) 
methodology, which is used for BU inventories, and 3 
independent measurement techniques: (1) open-path 
measurements with inverse dispersion modeling (here-
after open-path), (2) vehicle measurements with tracer 
flux ratio method, and (3) aircraft measurements with 
the closed-path method. All 3 techniques were used to 
estimate whole-facility CH4 emissions during 3 to 6 d per 
farm in the summer of 2016. In addition, open-path was 
used to estimate whole-facility CH4 emissions over 13 to 
14 d per farm in the winter of 2017. Our objectives were 
to (1) compare whole-facility CH4 measurements utiliz-
ing the different measurement techniques, (2) compare 
whole-facility CH4 measurements to US EPA inventory 
methodology estimates, and (3) compare CH4 emissions 
between 2 dairies. Whole-facility CH4 estimates were 
similar among measurement techniques. No seasonality 
was detected for CH4 emissions from animal housing, 
but CH4 emissions from liquid manure storage were 3 
to 6 times greater during the summer than during the 
winter measurement periods. The findings confirm pre-
vious studies showing that whole-facility CH4 emissions 
need to be measured throughout the year to estimate 
and evaluate annual inventories. Open-path measure-
ments for liquid manure storage emissions were similar 
to monthly US EPA estimates during the summer, but 
not during the winter measurement periods. However, 
the numerical difference was relatively small consider-
ing yearly emission estimates. Manure CH4 emissions 
contributed 69 to 79% and 26 to 47% of whole-facility 
CH4 emissions during the summer and winter measure-
ment periods, respectively. Methane yields from animal 
housing were similar between farms (on average 20.9 
g of CH4/kg of dry matter intake), but CH4 emissions 
normalized by volatile solids (VS) loading from liquid 
manure storage (g of CH4 per day/kg of VS produced 
by all cattle per day) at 1 dairy were 1.7 and 3.5 times 
greater than at the other during the summer (234 vs. 
137 g of CH4/kg of VS) and winter measurement pe-
riods (78 vs. 22 g of CH4/kg of VS), respectively. We 
attributed much of this difference to the proportion of 
manure stored in liquid (anaerobic) form, and suggest 
that manure management practices that reduce the 
amount of manure solids stored in liquid form could 
significantly reduce dairy CH4 emissions.
Key words: methane, measurement technique, 
emission, manure
INTRODUCTION
Reducing short-lived climate pollutants is key to lim-
iting global warming to 2°C above preindustrial levels 
(Shindell et al., 2012). Methane is a short-lived climate 
pollutant with 3 times the global warming potential 
(84 vs. 28) in the short term (20 yr) than the long term 
(100 yr; IPCC, 2013). Consequently, the contribution of 
CH4 to anthropogenic greenhouse gas is greater in the 
short term than in the long term (28 vs. 11%; US EPA, 
2017b). Livestock alone contribute 35% [9.3 million 
metric tonnes (MMT) of CH4, with 72% from enteric 
fermentation and 28% from manure management] of 
the anthropogenic CH4 in the United States (US EPA, 
2017b). In California, the largest dairy-producing state 
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with 19% of the total US milk production (USDA-ERS, 
2017), the California Air Resource Board (CARB, 2017) 
estimates that dairy livestock alone contributes 55% 
(0.7 MMT of CH4, with 45% from enteric fermentation 
and 55% from manure management) of the anthropo-
genic CH4 emissions. The CARB (2017) estimates are 
bottom-up estimates and based on US EPA (2017a) 
methodology (Deshpande et al., 2014), which is derived 
from the Intergovernmental Panel on Climate Change 
(IPCC, 2006b) guidelines for emissions from livestock 
and manure management.
Regional top-down (TD) measurements, which used 
inverse modeling to attribute CH4 emissions to differ-
ent emission sources, have suggested that the national 
and California inventories underestimate CH4 emissions 
from livestock (Miller et al., 2013; Wecht et al., 2014a; 
Bergamaschi et al., 2015; Jeong et al., 2016; Cui et 
al., 2017). Based on long-term measurements, Miller et 
al. (2013) estimated that national CH4 emissions from 
ruminants and manure management are up to 2 times 
greater than the US Environmental Protection Agency 
(EPA) inventory estimates. Similarly, long-term mea-
surements by Jeong et al. (2016) estimated that CH4 
emissions from dairy livestock in the San Joaquin Val-
ley are 2 times greater than the California Air Resource 
Board (CARB) estimates. Short-term measurements 
by Trousdell et al. (2016) and Cui et al. (2017) esti-
mated that CH4 emissions from dairy livestock in the 
San Joaquin Valley are up to 2.4 times greater than 
CARB estimates. Other regional short-term TD mea-
surements have suggested that dairy livestock emissions 
are similar to CARB estimates (Peischl et al., 2013; 
Wecht et al., 2014b). Top-down inventory estimates are 
based on inverse modeling and use gridded bottom-up 
(BU) inventories as prior estimates. Thus, errors as-
sociated with gridded BU inventories can lead to errors 
in the TD inventory (Hristov et al., 2017); this makes 
TD estimates not ideal to evaluate US EPA method-
ology. Measurements of facilities that provide activity 
and management data avoid this potential error, and 
thus are more suited to evaluate US EPA methodol-
ogy. Open-path has been used to estimate emissions 
from dairy facilities for many years, and more recently 
vehicle- and aircraft-based techniques have become 
available. It is important to evaluate these different 
techniques because CH4 measurements are needed to 
not only evaluate US EPA methodology because of the 
discrepancy in TD and US EPA inventories, but also to 
estimate reduction potentials of mitigation strategies. 
This is even more important in California, after the 
California Legislature passed Senate Bill 1383 (State 
of California, 2016) in September 2016, which requires 
CARB to adopt regulations to reduce CH4 emissions 
from dairy manure management by up to 40% below 
the dairy sector’s 2013 levels by 2030.
As CH4 emissions from dairy farms come from 2 main 
sources, enteric fermentation and manure storage [pri-
marily liquid (anaerobic) manure storage], it is impor-
tant to distinguish between the 2 sources to validate US 
EPA methodology and to estimate their contributions 
to the current CH4 inventories. The objectives of our 
study were to (1) compare whole-facility CH4 measure-
ments utilizing different measurement techniques, (2) 
compare whole-facility CH4 measurements to US EPA 
inventory methodology estimates, and (3) compare CH4 
emissions between 2 dairies.
MATERIALS AND METHODS
Whole-facility CH4 emissions were measured at 2 
commercial dairy farms (dairy 1 and 2) in California. 
Each farm was visited once in summer 2016 and once 
in winter 2017. On dairy 1, emissions were measured 
from June 24 to 30 (summer 2016) and from January 
17 to February 1 (winter 2017). On dairy 2, emissions 
were measured from June 20 to 23 (summer 2016) and 
from February 2 to 16 (winter 2017). During the sum-
mer measurement period, 3 independent techniques 
were used to measure emissions: (1) open-path mea-
surements with inverse dispersion modeling (hereafter 
open-path); (2) vehicle measurements with tracer flux 
ratio method (vehicle); and (3) aircraft measurements 
with a closed-path (elliptical) method (aircraft). Dur-
ing the winter measurement period, only open-path 
measurements were conducted.
Farm Selection
The dairy farms were selected based on facility lay-
out (separation of animal housing and liquid manure 
storage system), layout relative to downwind roads, 
distance to other CH4 sources, and owner willingness 
to participate in the study. On both farms, the animal 
housing was in the southern part of the facility and the 
manure storage system (settling basins and anaerobic 
lagoon) was in the northern part of the facility (Figures 
1 and 2). Both dairies were surrounded by irrigated 
cropland on 4 sides and located in areas with no known 
close CH4 sources; the nearest expected CH4 source, 
such as another dairy or oil and gas facility, was more 
than 2.5 km away from each dairy.
Farm Management
Both farms had Jersey cattle as the primary breed. 
The California Department of Food and Agriculture 
(CDFA) estimated that in California, in 2016, Jersey 
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and mixed herds produced 10.2 and 11.6% of Califor-
nia’s milk, respectively (CDFA, 2017).
Dairy 1 had 6,036 cattle (54% dairy cows, 37% re-
placement heifers, and 10% calves; Table 1) and cows 
were milked twice daily. During the measurement pe-
riods (summer 2016 and winter 2017), average DMI 
was 20.0 ± 0.1 and average milk production was 27.4 
± 0.2 kg/lactating cow per day (mean ± SD). Replace-
ment heifers and dairy cows were fed TMR starting at 
0500 h and continued until 1600 h; replacement heifers 
and nonlactating cows were fed once daily (morning) 
and lactating cows were fed twice daily (morning and 
afternoon).
The dairy cows (lactating and dry cows) and late-
pregnant heifers were housed in freestall barns with and 
without dry lot access on the western part of the facil-
ity, whereas replacement heifers and older calves were 
housed in dry lots on the eastern part of the facility. 
Dairy cows had no access to adjacent dry lots when 
the lots were muddy due to high precipitation during 
the winter months. The stalls in the barns were bedded 
with dried manure solids [2.5 to 3.0 kg of volatile solids 
(VS)/dairy cow per day], which is a common practice 
for dairies in California. During winter, when precipita-
tion was high, approximately twice the amount of bed-
ding was used to keep the stalls dry. The farm had run 
out of manure solids to use for bedding by January 17, 
2017; thus, rice hulls (8.2 t/d on a DM basis) were used 
for bedding instead of manure solids during the winter 
open-path measurement period (between January 17 
and February 1, 2017). Manure solids for bedding were 
recovered from scraping the dry lots (every 2 wk when 
the lots were dry) and evacuating the crust on the set-
tling basins (every May and October, except for Oc-
tober 2016). Recovered manure solids were exclusively 
used for bedding.
Manure and bedding were removed from the freestall 
barns and the feed alleys of the dry lots by flushing 
twice a day. Recycled anaerobic lagoon water was used 
for flushing. The wash water from the milking parlor 
went straight into the liquid manure storage. Two se-
quential parallel settling basins (each 9,464 m2 surface 
Figure 1. Facility layout, open-path measurement, and tracer re-
lease points for vehicle measurements on dairy 1.
Figure 2. Facility layout, open-path measurement, and tracer re-
lease points for vehicle measurements on dairy 2.
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area) and 1 anaerobic lagoon (40,560 m2 surface area) 
were used for liquid manure storage. The anaerobic 
lagoon water was used to irrigate the surrounding fields 
when needed. Thus, the lagoon water level was higher 
during the winter (rainy season) and lower during the 
summer (dry season) due to water demand of the crops 
on the surrounding fields. However, despite the use of 
lagoon water for irrigation, the liquid manure storage 
system had not been completely emptied since com-
missioning (>5 yr). Supplemental File S1 (https: / / doi 
.org/ 10 .3168/ jds .2017 -13881) provides further details 
on facility layouts and management practices.
Dairy 2 had 3,241 cattle (75% dairy cows, 25% re-
placement heifers, and 0% calves; Table 1). Holstein 
heifers were reared on-site and moved to a different 
facility before calving, whereas Jersey replacement heif-
ers and calves were reared offsite and moved back to 
dairy 2 before calving. Cows were milked twice daily. 
During the measurement periods (summer 2016 and 
winter 2017), average DMI was 20.8 ± 0.7 and aver-
age milk production was 26.5 ± 0.3 kg/lactating cow 
per day (mean ± SD). Similar to dairy 1, replacement 
heifers and dairy cows were fed TMR starting at 0500 
h and continuing until 1600 h; replacement heifers and 
nonlactating cows were fed once daily (morning) and 
lactating cows were fed twice daily (morning and af-
ternoon).
The dairy cows were housed in freestall barns with 
dry lot access and in dry lots. The replacement heifers 
were housed in dry lots. Stalls in the barns were bedded 
with dried manure solids (2.5 to 3.0 kg of VS/dairy cow 
per day). During winter, approximately 1.5 to 2 times 
the amount of bedding was used to keep the stalls dry. 
Similar to dairy 1, cows housed in barns had no access 
to adjacent dry lots when the lots were muddy due to 
high precipitation during the winter months. Manure 
solids were recovered by scraping the dry lots, empty-
ing dried settling basins, and the use of a sloped-screen 
manure separator that removed solids from the flush 
water from the barns and dry lot alleys. The farm used 
Table 1. Characteristics of dairy 1 and dairy 2
Item1 Dairy 1 Dairy 2
Total cattle, animal unit2 4,590 3,088
Total cattle, head 6,036 3,241
Dairy cows,3 head 3,244 2,416
Replacement heifers,4 head 2,217 825
Calves,5 head 576 0
Dairy cow housing   
 Freestall barns without dry lot, % of cows 59 0
 Freestall barns with dry lot, % of cows 41 73
 Dry lot with feed alleyway flush, % of cows 0 27
Replacement heifer housing   
 Freestall barns without dry lot, % of heifers 17 0
 Dry lots with feed alleyway flush, % of heifers 83 100
Calf housing   
 Dry lots with feed alleyway flush, % of calves 100 0
Manure separator (% of VS removal) No Yes (40)6
Bedding material Manure solids and rice hulls Manure solids
Source of manure solids for bedding Dry lot scrapings and settling  
basin crust7
Separated solids
% of VS from manure stored in the liquid manure storage system8 91 49
% of VS from manure that is hauled off the farm8 0 38
% of VS from manure that leaves liquid storage through irrigation water8 9 13
Alternate use of settling basins No Yes9
Last time settling basin was emptied/switched October 2013 October 2014 and 2016
Last time anaerobic lagoon was emptied Has not been emptied since 
commissioning
Has not been emptied  
since commissioning
1VS = volatile solids.
2Animal units (AU) = 454 kg of live weight. We used 1.00 AU for each Jersey dairy cow (mature animals), 0.57 AU for each Jersey heifer (be-
tween 5 and 24 mo of age), 0.81 AU for each Holstein heifer (between 6 and 24 mo of age), and 0.13 AU for each Jersey calf (4 mo of age). All 
weights were based on average monthly BW published by Penn State College of Agricultural Sciences (2017a, b).
3Dairy cows = lactating and dry cows.
4Replacement heifers = animals between 5 and 24 mo of age. On dairy 1 and 2, replacement heifers were Jersey and Holstein, respectively.
5Calves = animals 4 mo of age consuming a starter ration.
6Separator efficiencies according to US Environmental Protection Agency (Cortney Itle, Eastern Research Group Inc., Chantilly, VA, personal 
communication).
7Natural crust of settling basin was evacuated in May and October each year, except for October 2016.
8Volatile solid flows were estimated based on farm manure management.
9The settling basins were switched every 2 yr. After switching, it takes 1 yr for a settling basin to dry before manure solids can be recovered.
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90% of the manure solids recovered by the sloped-screen 
manure separator for bedding, whereas the remaining 
manure solids were hauled off the farm to be used as 
fertilizer elsewhere.
Manure and bedding were removed from the freestall 
barns and the feed alleys of the dry lots by flushing 
twice a day. The wash water from the milking parlor 
was collected in a flush pond north of the milking par-
lor (1,823 m2 surface area; Figure 2) and later used for 
flushing the barns and feed alleys of the dry lots. Two 
parallel settling basins (9,068 m2 surface area to the 
east and 10,256 m2 surface area to the west) and an 
anaerobic lagoon (65,424 m2 surface area) were used for 
liquid manure storage (Figure 2); only 1 of the settling 
basins was used at a time. After one had been used for 
approximately 2 yr, it was left to dry and accumulated 
manure solids were removed while the other settling 
basin was used. The settling basins were alternated 
in October 2014 and 2016. The anaerobic lagoon wa-
ter was used to irrigate the surrounding fields when 
needed. Thus, similar to dairy 1, lagoon water level was 
higher during the winter (rainy season) and lower dur-
ing the summer (dry season) due to the water demand 
of the crops on the surrounding fields. Similar to dairy 
1, the anaerobic lagoon had not been completely emp-
tied since commissioning (>5 yr). Supplemental File 
S1 (https: / / doi .org/ 10 .3168/ jds .2017 -13881) provides 
further details on facility layouts and management 
practices and Table 1 summarizes the characteristics of 
dairy 1 and 2.
Sampling of Feed, Manure, and Bedding
The amount of TMR offered (on an as-fed basis) and 
diet DM used by the farm to formulate rations were 
recorded during each measurement period. In addition, 
all TMR loads were sampled according to Robinson 
and Meyer (2010), and samples were stored at −20°C 
until analysis. During the summer measurement period, 
daily samples of each TMR load were collected from 
June 25 to 27 and June 21 to 23 on dairy 1 and 2, 
respectively. During the winter measurement period, 
samples of each TMR load were collected on January 
18 and 26 and on February 3 and 9 on dairy 1 and 2, 
respectively. On dairy 1, refused feed was also collected, 
weighed, and sampled during the summer (on June 25 
and 29) but not during the winter measurement period. 
On dairy 2, all cattle were fed at 0% refusals during the 
summer and winter measurement periods.
Lagoon samples were taken during the summer 
measurement periods and used to determine the VS 
removed in lagoon water used for irrigation. Approxi-
mately 7 to 8 samples (500 mL) were collected around 
the perimeter of the anaerobic lagoons at a depth of 
approximately 0.6 m using a pole with retractable lid. 
Samples were frozen at −20°C until analysis. Bedding 
was sampled from stockpiled material during the winter 
measurement period. Approximately 8 subsamples were 
composited and frozen (−20°C); frozen lagoon and bed-
ding samples were shipped to the USDA-ARS labora-
tory in Kimberly, Idaho, for analysis.
Sample Analysis
Samples from individual TMR loads and refused 
feed were composited across days by farm on an equal-
weight basis (as fed). Composited TMR, refused feed, 
and bedding samples were dried at 55°C (forced-air 
oven) for 72 h and ground to pass through a 2-mm 
Wiley mill screen (Thomas Scientific, Swedesboro, NJ). 
Samples of ground TMR and refused feed were shipped 
to Dairyland Laboratories Inc. (Acardia, WI), where 
they were analyzed for DM content, ash, CP, ash-free 
neutral detergent fiber (aNDF), and ether extract. 
Details on the individual analysis procedures can be 
found in the Supplemental File S2 (https: / / doi .org/ 10 
.3168/ jds .2017 -13881). An average value from samples 
that have been run at Dairyland Laboratories was 
used to estimate neutral detergent insoluble CP of the 
TMR. Nonfiber carbohydrates were calculated accord-
ing to (NRC, 2001) using CP, aNDF, neutral detergent 
insoluble CP, ether extract, and ash. Gross energy of 
the TMR was calculated using heat of combustion of 
4.2 Mcal/kg for carbohydrates (aNDF and NFC), 5.6 
Mcal/kg for CP, and 9.4 Mcal/kg for fatty acids (es-
timated by ether extract – 1; Maynard et al., 1979; 
Allen, 2000). Bedding and anaerobic lagoon samples 
were analyzed for VS according to standard method 
2540E (Eaton et al., 2005).
Volatile Solids Production and Flow Rates
The VS excreted by the different cattle types [dairy 
calves (4 mo of age), replacement heifers (>4 mo of 
age), and dairy cows (lactating and dry cows)] were 
estimated based on US EPA (2017a) methodology us-
ing the measured DMI and the calculated GE content 
of the diet. Details of the calculation can be found in 
Supplemental File S3 (https: / / doi .org/ 10 .3168/ jds 
.2017 -13881).
Volatile solids were stored dry (dry lot and solid stor-
age) and in liquid (liquid manure storage system). On 
dairy 1, the liquid storage system consisted of 2 settling 
basins, an anaerobic lagoon, and an overflow pond. The 
overflow pond was only used during winter 2017 due 
to record-high precipitation in California during the 
winter of 2016 and 2017. On dairy 2, the liquid storage 
system consisted of a flush pond, manure separator, 
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2 alternately used settling basins, and an anaerobic 
lagoon. The proportion of VS stored in the dry and 
liquid system was calculated based on US EPA (2017a) 
assumptions, which included the removal of 40% VS 
from the flush water by the manure separator before 
entering the anaerobic lagoon on dairy 2 (Cortney Itle, 
Eastern Research Group Inc., Chantilly, VA, personal 
communication), and on-farm practices (Table 2). The 
on-farm VS flows were estimated because US EPA 
(2017a) assumptions did not reflect on-farm manure 
management practices of the measured dairies. On dairy 
1, all VS from manure entered the liquid manure stor-
age system either as manure or bedding (manure solid) 
because dairy 1 did not haul manure off the farm. The 
only VS that left the liquid manure storage on dairy 
1 were the VS that were pumped out of the anaerobic 
lagoon as part of the irrigation water. On dairy 2, the 
on-farm VS flow of manure and bedding to the liquid 
manure system was determined from the amount and 
composition of manure solids that were used for bed-
ding, the percentage of recovered VS used for bedding 
(90% of the manure solids recovered by the manure 
separator were used for bedding), and the efficiency 
of the manure separator (40%). In addition, similar to 
dairy 1, VS left the liquid manure storage as part of the 
irrigation water. According to the producer on dairy 1, 
approximately 95 million L of anaerobic lagoon water 
was used to irrigate the surrounding fields during the 
2016 growing season. On dairy 2, the irrigation water 
used over the growing season was estimated to be equal 
to the amount of wash water produced in the milking 
parlor and from the sprinklers in the concrete holding 
pen outside of the milking parlor (~110 million L). No 
records of the timing of irrigation events or the amount 
of water used during each irrigating event were avail-
able. Irrigation would have been scheduled based on 
evapotranspiration of the crops over the growing sea-
son and therefore vary depending on crop growth and 
weather. Due to this lack of data, we assumed a daily 
use of irrigation water in our calculation. The amount 
of VS flow from the irrigation water was estimated by 
multiplying the amount of irrigation water by the VS 
content of the part of the anaerobic lagoon in which the 
irrigation pumps were located. For dairy 1 and 2, the 
VS content was 8,158 and 7,824 mg of VS /L, respec-
tively. A detailed description of the on-farm manure 
flows can be found in Supplemental File S4 (https: / / doi 
.org/ 10 .3168/ jds .2017 -13881).
Calculation of Intake and CH4 Emissions
Enteric CH4 emissions were estimated following the 
US EPA (2017a) methodology using observed DMI and 
dietary GE content. Details on the calculation can be 
found in the Supplemental File S5 (https: / / doi .org/ 
10 .3168/ jds .2017 -13881). The 95% confidence interval 
(CI) of the enteric CH4 emissions (−11 and +18%) 
were obtained from Table A-280 (US EPA, 2017a).
Manure CH4 emissions from liquid manure storage 
(settling basins, anaerobic lagoon, overflow pond, and 
flush pond) were calculated on a monthly basis follow-
ing US EPA (2017a) methodology. For both dairies, CH4 
emissions from liquid manure storage were estimated 
using the US EPA (2017a) methodology for anaerobic 
lagoons because US EPA (2017a) assumes that dairies 
that use flush systems, such as dairy 1 and 2, manage 
the collected manure in anaerobic lagoons. We com-
puted CH4 emissions from liquid storage for VS flow 
rates based on US EPA (2017a) assumptions as well as 
on-farm practices. The 95% CI of the CH4 emissions 
from anaerobic lagoons (−18 and +20%) were obtained 
from Table A-280 (USEPA, 2017a). For more details on 
the calculation see Supplemental File S5 (https: / / doi 
.org/ 10 .3168/ jds .2017 -13881).
Methane Emission Measurements
For both dairies, ambient air temperature and relative 
humidity were measured on site during the monitor-
ing period (measurements made at 15-min intervals), 
whereas precipitation data were retrieved from Cali-
fornia weather databases hosted on the University of 
California Agriculture and Natural Resources website 
(UC-IPM, 2017) using a California Irrigation Manage-
ment Information System station within 5 km of each 
dairy farm.
During the summer measurement period on dairy 1, 
the prevailing wind was from the south between 1200 
and 1600 h and from the north between 1600 and 1200 
h. The ambient temperature was 24.6 ± 8.1°C (mean 
± SD), the wind speed was 3.0 ± 1.5 m/s, the relative 
humidity was 49.8 ± 23.2%, and precipitation was 0 
mm. During the winter measurement period, the pre-
vailing wind was from the south or north depending on 
the day. The ambient temperature was 7.8 ± 2.8°C, the 
wind speed was 4.3 ± 2.3 m/s, the relative humidity 
was 86.1 ± 11.3%, and it rained for 6 of the 15 d of 
measurements (every day from Jan 20 to 26) with a to-
tal precipitation of 93 mm over the monitoring period.
During the summer measurement period on dairy 2, 
the prevailing wind was from the north-northwest. The 
ambient temperature was 26.7 ± 6.8°C (mean ± SD), 
the wind speed was 3.0 ± 1.5 m/s, the relative humid-
ity was 27.5 ± 14.5%, and precipitation was 0 mm. 
During the winter measurement period, the prevailing 
wind was from the south and north or north-northwest 
depending on the day. The ambient temperature was 
13.9 ± 3.0°C, the wind speed was 2.9 ± 2.0 m/s, the 
Journal of Dairy Science Vol. 101 No. 12, 2018
METHANE EMISSIONS FROM DAIRY FARMS 7
relative humidity was 90.0 ± 9.2%, and it rained for 
6 of the 16 d of measurements (February 2, 3, 6, 7, 9, 
and 10) with a total precipitation of 38 mm over the 
monitoring period.
Open-Path Measurements with Inverse  
Dispersion Modeling
The Northwest Irrigation and Soils Research Labo-
ratory (Kimberly, ID) of the USDA Agricultural Re-
search Service conducted ground measurements using 
open-path Fourier transform infrared spectrometry 
coupled with inverse dispersion modeling to estimate 
CH4 emission rates. On-farm measurement locations 
are indicated for dairy 1 and dairy 2 in Figure 1 and 
Figure 2, respectively. These locations were chosen to 
acquire separate measurements of the CH4 emissions 
from discrete sources (animal housing, settling basin, 
anaerobic lagoon, overflow pond, and flush pond). Mea-
surement dates and CH4 emissions (kg/d) for each loca-
tion can be found in Supplemental Table S1 (https: / / 
doi .org/ 10 .3168/ jds .2017 -13881). The concentration of 
CH4 was measured using open-path Fourier transform 
infrared spectrometry (Air Sentry, Cerex Monitoring 
Solutions, Atlanta, GA, and ABB-Bomem MB-100, 
MDA, Atlanta, GA; Griffiths et al., 2009; Shao et al., 
2010). Spectra were acquired continuously and aver-
aged over 5-min intervals. Background concentrations 
were measured at each dairy before the onset of the 
study as well as at a remote (nonagricultural affected) 
location for comparison. Experiments performed with 
the open-path units demonstrated that background 
Table 2. United States Environmental Protection Agency (EPA; US EPA, 2017a) manure management assumptions compared with on-farm 
manure management practices on dairy 1 and 2
US EPA assumptions  On-farm practices
100% of dairy cow manure is captured by flush and 
 stored in an anaerobic lagoon
 28 to 100% of dairy cow manure was captured by the flush and stored in the liquid 
manure storage system1
Manure separator removes 40% of VS2 captured by 
 the flush water3
 Not measured
Dry lots are not a manure management system for 
 dairy cows
 30% of dairy cows were managed in dry lots on dairy 1, and ≥40% of cows had 
access to dry lots on both dairies
100% of replacement heifer manure is stored in dry 
 lots
 0 to 87% of replacement heifer manure remained in dry lots4
Anaerobic lagoons are not a manure management 
 system for replacement heifers
 13 to 100% of replacement heifer manure was captured by flush water and entered 
the liquid manure storage system
Calf manure management is not accounted for  13–100% of calf manure was captured by flush water and entered the liquid manure 
storage system on dairy 15
Anaerobic lagoons are the manure management 
 system for dairy cows on flush dairies
 Anaerobic lagoons were only part of the liquid manure storage on both dairies; 
manure was also stored in settling basins, flush ponds, and overflow ponds
Does not account for the use of bedding  100% of bedding was captured by the flush6
Evacuation of natural crusts on liquid storage is not 
 part of the manure management system
 Evacuation of natural crust of settling basins on dairy 1
Removal of VS from liquid storage by irrigation 
 water is unaccounted for
 9 to 13% of excreted VS were removed from liquid storage by irrigation water7
Assumes complete emptying of anaerobic lagoon 
 once per year in October
 Anaerobic lagoons have not been emptied since commissioning
1Assumes that dairy cows spend at least 6.6 h/d in areas that collect manure in liquid form, calculated as 2.5 h/d milking (personal communica-
tion with farmer) plus 4.1 ± 0.2 h/d (mean ± SD) spent feeding according to Grant (2009), Legrand et al. (2009), and Gomez and Cook (2010).
2VS = volatile solids.
3Cortney Itle, Eastern Research Group Inc., Chantilly, VA, personal communication.
4Assumes that replacement heifers spend at least 3.1 h in the feed alleyway that collects manure in liquid form. Heifers spend 3.1 ± 0.1 h/d 
(mean ± SD) feeding according to Greter et al. (2008), DeVries and von Keyserlingk (2009), and Greter et al. (2012).
5Assumes that calves spend the same amount of time in the feed alley as replacement heifers.
6Between 2.5 and 3.0 kg of VS/dairy cow per day were added as bedding during dry weather conditions (summer) and between 1.5 and 2.0 times 
that during wet weather conditions (winter).
7Anaerobic lagoon water contains VS that are removed from liquid storage when it is used for irrigation.
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concentrations were stable and did not fluctuate. In 
addition, the on-farm concentration data at each lo-
cation was filtered for wind direction to isolate times 
when no upwind source of CH4 was present to verify 
that background concentrations were consistent over 
time. Quantitative determinations of CH4 concentra-
tions were performed by partial least squares regression 
of the open-path Fourier transform infrared spectra 
(Griffiths et al., 2009; Shao et al., 2010), and the detec-
tion limit of CH4 was less than 0.01 ppmv (parts per 
million by volume). Concentration data were processed 
to produce 15-min average mixing-ratio concentrations 
at the source areas (C).
The wind environment at the dairy was described by 
simple Monin-Obukhov similarity theory relationships 
defined by u*, L, z0, and β, as provided by 3-dimensional 
sonic anemometers (RM Young Model 81000 ultrasonic 
anemometer, Traverse City, MI), where u* is the fric-
tion velocity, L is the Obukhov stability length, z0 is the 
surface roughness length, and β is wind direction [see 
Flesch et al. (2004) for details of how these parameters 
were calculated from a sonic anemometer]. The sonic 
anemometer was placed on top of a 3-m tower at each 
location, where there were minimal flow disturbances 
from structures upwind, to capture a more idealized 
wind flow of the area, as suggested by Flesch et al. 
(2005). Wind parameters were calculated for each 15-
min period (corresponding to C observations). Methane 
concentrations and on-site barometric pressure, humid-
ity, air temperature, wind direction, and wind speed 
were used to calculate CH4 emissions for each 15-min 
interval, which is described in the Supplemental File S6 
(https: / / doi .org/ 10 .3168/ jds .2017 -13881).
Methane emissions from all liquid storage facilities on 
dairy 1 (settling basins, anaerobic lagoon, and overflow 
pond) and dairy 2 (settling basins, anaerobic lagoon, 
and flush pond) were added together and reported as 
liquid manure storage to compare with liquid manure 
storage emissions estimated by US EPA methods for 
anaerobic lagoons. The 95% CI was determined using 
a bootstrapping method that resampled (with replace-
ment) the distribution of each measurement by mea-
surement location (housing area, settling basins, an-
aerobic lagoon, overflow pond, and flush pond) 10,000 
times (Efron and Tibshirani, 1993).
Vehicle Measurements with Tracer  
Flux Ratio Method
Aerodyne Research Inc. conducted ground measure-
ments employing the tracer flux ratio (TFR) method 
(Lamb et al., 1995; Mønster et al., 2014; Roscioli et 
al., 2015) using a mini Aerodyne Mobile Laboratory 
(Herndon et al., 2005). Details on the mobile labora-
tory setup can be found in Supplemental File S7 and 
Supplemental Figure S1 (https: / / doi .org/ 10 .3168/ jds 
.2017 -13881). Mixing ratios of various species were 
measured every second using 3 Aerodyne single-laser 
quantum cascade laser spectrometers [CH4, acetylene 
(C2H2), and ethane (C2H6)] and a nondispersive infra-
red LI-6262 gas analyzer (CO2 and H2O) from LI-COR 
Biosciences Inc. (Lincoln, NE). Additional details of 
the measurement systems and analysis protocols are 
described in Supplemental File S7. Site-wide emissions 
were quantified using TFR measurements. Analysis of 
the relative correlation with dual tracers during the 
TFR measurements was used to apportion the CH4 
burden from the 2 major sources of CH4: animal hous-
ing and liquid manure storage. Tracer gases (C2H2 and 
C2H6) were placed strategically near individual sources 
(Figures 1 and 2) and released at rates ranging from 10 
to 40 L/min. Using a different tracer near each emis-
sion source offered spatial distinction in real-time, with 
the goal of having tracer gas and CH4 merge together. 
Optimal placement of tracers depended on wind con-
ditions, site access and road access. Vehicle transects 
occurred on public roads downwind of each site at 
various distances (up to 6 km away). Transects used 
to distinguish the relative contributions of individual 
sources within dairy farms were typically closer than 
whole-facility transects, except for the settling basin on 
dairy 2. The close-in transects at the dairy farms in-
volved additional uncertainty. The tracer was released 
at a single point, but the housing and liquid manure 
storage areas, the main subjects of this study, were dis-
tributed over tens or hundreds of meters. For TFR to 
effectively quantify area emissions with a point source 
release, the molar ratio of emissions to tracer must be 
conducted sufficiently downwind for co-dispersion to 
be met. Effectively, when doing the close-in transects, 
the method is susceptible to spatial mismatch between 
emissions and tracer plumes. The effect of this spatial 
mismatch is reduced as the transect downwind distance 
increases.
At dairy 2, low wind speeds and poor road access 
limited the quality of data for certain sections of the 
farm. No TFR plumes were captured for the anaero-
bic lagoon area during attempted close-in transects 
on June 21. The settling basin estimate from dairy 2 
involved analysis of distant plumes by determining a 
fraction of each tracer’s overlap with the overall CH4 
plume (dual-sum method). This fraction was applied to 
the average whole-site CH4 plumes on dairy 2 to deliver 
an emission estimate of the settling basin. Supplemen-
tal Table S2 (https: / / doi .org/ 10 .3168/ jds .2017 -13881) 
includes details on source area, date, times, number of 
plumes, and downwind distances of vehicle-based mea-
surements at dairy 1 and 2. Supplemental Figure S2 
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(https: / / doi .org/ 10 .3168/ jds .2017 -13881) provides an 
example of real-time results during a transect at dairy 
2. Supplemental Figure S3 (https: / / doi .org/ 10 .3168/ 
jds .2017 -13881) displays enhancements of tracer gas 
and target CH4 emissions measured along various roads 
from ~0.8 to 6.0 km away from dairy 2. With increas-
ing distance, tracer plumes more closely simulate the 
site emission plumes. Ideally, 2 tracers would be used 
to model a single source (to provide an internal data 
quality indicator), but given the presence of multiple 
area sources on each dairy, a single tracer was used to 
overlap with each source.
Uncertainties were expressed as 95% CI of the pool 
of valid plume intercepts. Plumes, defined as enhance-
ments of CH4, C2H2, and C2H6, were validated by apply-
ing acceptance criteria described in Supplemental File 
S7 (https: / / doi .org/ 10 .3168/ jds .2017 -13881). Essen-
tially, this was done by comparing the downwind molar 
ratio of the 2 tracers to the ratio of their known flow 
rates. For hours containing fewer than 2 data points, 
method-based factor errors derived from a previous 
study (Roscioli et al., 2015) were employed to calculate 
an upper and lower 95% confidence limit. Applied to 
this work, these hourly averages were assigned upper 
and lower limit error factors of 1.85 to 0.53, respec-
tively. For example, an hourly averaged CH4 emission 
of 100 kg/h would be bounded by 185 to 53 kg/h at 
95% confidence.
Aircraft Measurements with Closed-Path Method
The University of California, Davis, and Scientific 
Aviation Inc. (Boulder, CO) conducted the airborne 
CH4 measurements of the dairies using a series of con-
centric, closed flight paths around the facilities. Emis-
sion rates were estimated by applying Gauss’s Theorem 
(Conley et al., 2017). To summarize the method, the 
aircraft flew a series of concentric closed paths around 
the source, measuring CH4 mixing ratio, pressure, tem-
perature, and horizontal wind (vector components). 
Using pressure and temperature, the CH4 mixing ratio 
was converted to a CH4 density (kg/m
3), which was 
then multiplied by the wind speed to achieve a CH4 
flux vector. The instantaneous flux into the closed path 
was the dot product of the CH4 flux vector and the unit 
normal to the flight path. Next, the normal compo-
nents of the CH4 flux were summed around the closed 
path to yield the net flux per unit altitude entering 
the closed path. Each closed path was then summed in 
the vertical to yield the total net flux into the volume 
inscribed by the flight path. As the volume is bounded 
by the earth’s surface at the bottom and the flight path 
includes altitudes above the level of the plume, the 
net flux into the volume can be assumed equal to the 
source strength.
A total of 5 measurements (between 1100 and 1900 
h) were conducted at dairy 1 and a total of 6 measure-
ments (between 1130 and 1800 h) were conducted at 
dairy 2. Specifics for each of the flights can be found 
in Supplemental Table S3 (https: / / doi .org/ 10 .3168/ jds 
.2017 -13881) and an example of the laps for afternoon 
flight at dairy 2 is provided in Supplemental Figure S4 
(https: / / doi .org/ 10 .3168/ jds .2017 -13881).
Comparison Among Measurement Techniques
Unlike the automatic daily emissions readings of 
open-path, both vehicle and aircraft measurements 
were not continuous and required the engagement of a 
research team during measurements. Furthermore, the 
aircraft measurements were limited to daytime because 
the boundary layer collapses at night, precluding flight 
at the appropriate altitude. Due to budget constraints, 
CH4 measurements by the vehicle and aircraft technique 
were limited to 10 and 4 h per day, respectively. We 
extrapolated their hourly emissions to daily emissions 
by multiplying the hourly emissions by 24 to compare 
them with open-path measurements, which measured 
emissions over a 24-h period. This extrapolation is not 
ideal, as there can be diurnal fluctuations in emissions; 
however, it was the only method available to normalize 
the data for comparison. Uncertainties of each measure-
ment technique were expressed as 95% CI. Statistical 
significance (P ≤ 0.05) was declared when the 95% CI 
of 2 measurements did not overlap.
RESULTS AND DISCUSSION
All Measurement Techniques Estimated Similar 
Whole-Facility CH4 Emissions
Whole-facility CH4 emissions estimated by the differ-
ent measurement techniques (open-path, vehicle, and 
aircraft) were not different within each farm (P > 0.05; 
Figure 3). During the summer measurement periods, 
on-farm emission estimates among all measurement 
techniques ranged between 6,985 and 7,219 kg of CH4/d 
and between 3,046 and 3,715 kg of CH4/d for dairy 1 
and 2, respectively. The uncertainties associated with 
open-path, vehicle, and aircraft measurements on dairy 
1 (±9, ±9, and ±22%, respectively) and 2 (±11, ±27, 
and ±25%, respectively) were greater than the varia-
tion among measurement techniques. Table 3 summa-
rizes the characteristics of the measurement techniques. 
Hourly open-path estimates for the dairy cow housing 
(dairy 1) combined over 9 consecutive days during the 
winter measurements showed CH4 emission peaks af-
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ter the morning and afternoon feeding (Supplemental 
Figure S5; https: / / doi .org/ 10 .3168/ jds .2017 -13881). 
These peaks were in accordance with previous stud-
ies, which found that enteric CH4 emissions increased 
after feeding and were lower at night (Gao et al., 2011; 
Hegarty, 2013; Hammond et al., 2016). Consequently, 
the vehicle and aircraft techniques were expected to 
overestimate daily whole-facility CH4 emissions because 
both measured emissions primarily during the day and 
not during the night. In addition, vehicle and aircraft 
might have captured CH4 emissions from manure stock-
piles (of VS recovered from the separator or lagoon 
evacuation) that were not captured by the open-path 
measurements. However, emissions from manure stock-
piles were likely very low, as Ding et al. (2016) esti-
mated that only 23.3 ± 14.8 g of CH4/head per day 
(mean ± SD) were emitted from manure stockpiles on 
a dry lot dairy in China. Nevertheless, no difference 
was detected (P > 0.05) in the whole-facility emissions, 
perhaps because the variability associated with the dif-
ferent measurement techniques was greater than the 
diurnal variability in CH4 emissions of the farms.
As we found no difference in whole-facility CH4 
emissions among the measurement techniques, it can 
be assumed that the open-path estimates captured all 
significant on-farm CH4 sources on both dairies. Figure 
4 shows the contribution of the different on-farm CH4 
sources on dairy 1. 
For animal housing, vehicle estimates were numeri-
cally greater than open-path estimates (Table 4), which 
might have been the result of limited nighttime mea-
surements by the vehicle when housing emissions were 
low. For manure storage, vehicle estimates were within 
5% of open-path estimates. Manure storage estimates 
were similar between the 2 techniques, possibly due to 
the lack of a diurnal trend in manure emissions (Sup-
plemental Figures S5 and S6; https: / / doi .org/ 10 .3168/ 
jds .2017 -13881).
Open-Path CH4 Estimates Broadly Tracked  
Monthly US EPA Estimates
Open-path estimates for the 2 measurement periods 
(summer 2016 and winter 2017) were used to assess 
US EPA CH4 emission predictions from animal housing 
and liquid manure storage. As the main objective was 
to evaluate US EPA prediction equations for enteric 
and manure CH4 emissions, enteric and manure CH4 
emissions were estimated from on-farm DMI rather 
than predicted DMI using US EPA (2017a) methodol-
ogy. This approach allowed us to reduce variation in 
US EPA (2017a) CH4 predictions. This is especially 
important for the present study, as US EPA (2017a) 
emission factors are based on Holstein cattle and both 
of the studied dairies housed primarily Jersey cattle, 
which have a lower DMI (kg/d), and thus emission fac-
tor. For example, the US EPA (2017a) DMI estimate 
for a dairy cow (including lactating and dry cows) in 
California was 12.8 and 8.2% greater than the average 
Figure 3. Whole-facility methane (CH4) emissions on dairy 1 and 
2 during summer measurement periods in 2016. Emissions were esti-
mated by open-path, vehicle, and aircraft. Error bars represent the 
95% CI.




Open-path  Vehicle  Aircraft
Farm access Yes Yes No
Night measurements Yes Yes No
Continuous 24-h measurements Yes No No
Separation of emission sources Yes Yes1 No
Whole-facility emissions Yes2 Yes Yes
Uncertainty in this study,3 % ±9 to 11 ±9 to 27 ±22 to 25
1On dairy 2, only the settling basin but not anaerobic lagoon emissions could be measured separately.
2Only as sum of the individual source areas.
3Associated with 95% CI.
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DMI for dairy 1 and dairy 2, respectively (21.2 vs. 18.8 
and 19.6 kg/dairy cow per day).
Daily open-path CH4 estimates from animal housing 
during the summer and winter measurement periods 
were similar within farms and to monthly US EPA 
estimates (P > 0.05; data not shown). Methane emis-
sions from animal housing are primarily from enteric 
fermentation, with minor contributions from manure 
and bedding stored in the freestall barns and dry lots. 
As neither farm had major changes in diet composition, 
DMI or cattle numbers, which are drivers of enteric fer-
mentation, enteric CH4 emissions were expected to be 
comparable between summer and winter measurement 
periods. Similarly, no difference in summer and winter 
CH4 emissions from the manure and bedding in the 
freestall barns and dry lots were expected because they 
are relatively low and other authors have not observed 
an effect of season on these emission sources. Rahman 
et al. (2013) found no difference in CH4 flux rates or 
fluxes of beef cattle pen surfaces among months over 
a 7-mo study in North Dakota. Borhan et al. (2011) 
found no effect of season on daily CH4 emissions for 
a freestall dairy barn (manure lane and bedding area) 
and its loafing pen.
Appuhamy et al. (2016) reported that the IPCC 
(2006b) Tier 2 model, which the US EPA (2017a) 
methodology is based on, was associated with a notable 
mean bias for over-predicting enteric CH4 emissions 
from lactating cows and thus was not ranked in the 
top 10 models for predicting enteric CH4 emissions. 
However, the US EPA (2017a) methodology predicted 
CH4 from animal housing (enteric CH4 emissions) 
similar to open-path measurements in our study. Thus, 
the findings of the present study indicate that the US 
EPA methodology, which is based on IPCC (2006b) 
guidelines, can be used to estimate CH4 emissions from 
animal housing if DMI data are available. The correla-
tion between DMI and enteric CH4 emissions has been 
well documented in the literature (Hristov et al., 2013; 
Moraes et al., 2014; Niu et al., 2018). Although these 
findings should be confirmed by further studies, it ap-
pears that CH4 emissions from liquid manure storage 
could be estimated by subtracting housing CH4 emis-
sions, predicted from DMI and the US EPA (2017a) 
model, from whole-facility CH4 emissions. This would 
allow estimation of manure CH4 emissions in cases 
where measurement techniques cannot distinguish be-
tween CH4 emissions from housing and liquid manure 
storage because of farm layout or the technique itself.
Open-path CH4 estimates from liquid manure stor-
age (sum of CH4 emissions of all liquid manure storage 
facilities on each farm) broadly tracked both monthly 
US EPA (based on VS flow assumptions from US 
EPA, (2017a) and adjusted monthly US EPA estimates 
[based on VS flows determined from on-farm practices; 
Tables 2 and 5; Supplemental File S4 (https: / / doi .org/ 
10 .3168/ jds .2017 -13881); Figure 5]. The monthly US 
EPA estimate was similar to the open-path estimates 
Figure 4. Daily methane (CH4) emissions estimated by the open-
path method from the different source areas on dairy 1 during the 
winter measurement period in 2017. The source areas presented in the 
figure are settling basins (A), anaerobic lagoon (B), overflow pond (C), 
freestall barns (housing—dairy cows) (C), and dry lots (housing—re-
placement heifers) (E). Error bars represent the 95% CI. When no 
error bar is present, only 1 measurement was conducted.
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on both dairies during the summer measurement pe-
riod (P > 0.05) but not during the winter measurement 
period (P ≤ 0.05). During the winter measurement 
period, the monthly US EPA estimate was 0.6 and 2.3 
times that measured on dairy 1 and 2, respectively. 
The adjusted monthly US EPA estimates were also 
similar to the open-path CH4 estimates on both dairies 
during the summer measurement periods (P > 0.05). 
During the winter measurement periods, the adjusted 
monthly US EPA estimate was similar to open-path 
estimates on dairy 1 (P > 0.05) but was 2.6 times the 
open-path estimates on dairy 2 (P ≤ 0.05). Although 
the relative differences between the open-path measure-
ment and the monthly and adjusted monthly US EPA 
estimates was large, the numerical difference was rela-
tively small considering yearly emission estimates. It 
was expected that adjusted monthly US EPA estimates 
would be more similar to the open-path estimates, as 
they were based on VS flows that were calculated from 
on-farm practices, which were different from US EPA 
(2017a) assumptions (Table 2). Based on calculations 
of on-farm practices, we assumed that more VS were 
stored in the liquid manure systems than based on US 
EPA assumptions. On dairy 1, US EPA assumed that 
66% of VS excreted on the farm were stored in the 
liquid manure system, whereas, based on calculations 
of on-farm practices, 91% of the total VS stored in 
the liquid manure system (Table 5). On dairy 2, the 
corresponding estimates were 44 and 49%, respectively. 
The lower amount of VS stored in the liquid manure 
system (27%) based on US EPA (2017a) assumptions 
compared with on-farm practices on dairy 1 indicates 
that future studies should be conducted to validate US 
EPA assumptions.
In contrast to the present study, other measurements 
of liquid manure storage (settling basin and anaerobic 
lagoon or manure tanks) in the western United States 
and Canada have indicated that US EPA predictions of 
annual manure CH4 emissions may be underestimating 
on-farm emissions by up to 60% (Baldé et al., 2016; 
Leytem et al., 2017). A review of field-based studies on 
greenhouse gas emissions from dairy manure manage-
ment also suggested that current CH4 emission factors 
generally underestimate emissions from liquid manure-
management systems (Owen and Silver, 2015).
The great variability between open-path CH4 emis-
sion estimates from liquid manure storage during the 
summer and winter measurement periods shows that 
short-term measurements of CH4 emissions from liquid 
manure systems cannot be used to evaluate annual 
US EPA estimates or other BU inventories. Thus, we 
concluded that only TD inventory estimates based on 
long-term measurements (Miller et al., 2013; Jeong et 
al., 2016) can be used to validate BU inventories, and 
Table 4. Contributions of different source areas to whole-facility methane (CH4) emissions on dairy 1 and 
dairy 2 estimated by open-path and vehicle measurements during the summer measurement period
Item Animal housing, kg/d  
Liquid manure storage, kg/d
Total Lagoon Settling basin
Dairy 1  
 Open-path 2,330 ± 466  5,732 ± 466 1,566 ± 313 4,166 ± 833
 Vehicle 2,601 ± 811  5,994 ± 579  ND1 ND
Dairy 2  
 Open-path 1,275 ± 255  2,550 ± 510 220 ± 44 2,219 ± 444
 Vehicle 1,636 ± 513  ND ND 2,141 ± 637
1Not determined.
Table 5. Daily manure and bedding volatile solids (VS) flow alone and as percent of manure VS excreted on dairy 1 and dairy 2 as predicted 







US EPA, %  
daily manure  
VS excreted
 
On-farm practices,  
% daily manure  
VS excreted
Dairy 1 Dairy 2 Dairy 1 Dairy 2 Dairy 1 Dairy 2 Dairy 1 Dairy 2
Manure VS excreted by all cattle 24,443 18,629  24,443 18,629  100 100  100 100
Manure and bedding VS            
 Captured by flush 19,295 16,250  24,443 19,061  79 87  100 102
 Removed by manure separator 0 6,500  0 7,624  0 35  0 41
 Removed by irrigation water 0 0  2,122 2,358  0 0  9 13
 Removed by lagoon emptying 3,095 1,543  0 0  13 8  0 0
 Stored in liquid manure system 16,200 8,207  22,321 9,079  66 44  91 49
1Assumes the US EPA and on-farm manure management practices outlined in Table 2.
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that TD inventories based on short-term measurements 
(Peischl et al., 2013; Wecht et al., 2014a,b; Trousdell 
et al., 2016; Cui et al., 2017) should not be used. How-
ever, publication of a spatially and temporally gridded 
US EPA emission inventory could allow for short-term 
comparisons of emission estimates.
Miller et al. (2013) and Jeong et al. (2016), using top-
down approaches, both attributed greater annual CH4 
emissions than the BU inventory estimates (US EPA 
and CARB) to ruminants and dairy livestock, respec-
tively. Jeong et al. (2016) estimated that dairy livestock 
emitted more CH4 during winter than summer. This is 
the opposite of our findings, and the US EPA (2017a) 
inventory calculations, which predict an exponential 
increase of CH4 emissions from liquid manure storage 
with increasing temperatures during summer. Although 
we did not measure whole-facility CH4 emissions over a 
full year, the large on-farm variability in CH4 emissions 
from liquid manure storage indicated that the observed 
discrepancies between the TD and BU inventories were 
most likely caused by differences in CH4 emissions from 
liquid manure storage and not enteric fermentation, 
assuming that TD measurements correctly attribute 
emissions to dairy livestock.
Open-Path Whole-Facility CH4 Estimates Varied 
Between the Dairies
Whole-facility, animal housing, and liquid manure 
storage CH4 emissions for dairy 1 were greater than 
for dairy 2 (Table 6). Dairy 1 was expected to have 
greater CH4 emissions because it had 1.5 times more 
animal units (AU; Table 1), consuming 1.4 times more 
DM (76,448 vs. 53,906 kg of DMI/d) and producing 
1.3 times more manure VS (24,443 vs. 18,629 kg of 
VS/d). As DMI is the driver for enteric CH4 emissions 
and manure VS are the substrate for manure CH4 
emissions, we expected differences in daily enteric CH4 
emissions similar to the difference in DMI, as well as a 
difference in daily manure CH4 emissions similar to the 
difference in manure VS production. On dairy 1, daily 
CH4 emissions from animal housing were 1.3 times 
greater than on dairy 2, and thus similar to the differ-
ence in DMI (Table 6). However, liquid manure storage 
CH4 emissions on dairy 1 were, on average, 3.5 times 
greater than on dairy 2, and thus much greater than 
the 1.3 times difference that we expected based on the 
difference in VS production. Data were normalized to 
account for the differences in AU, DMI, and VS excre-
Figure 5. Monthly CH4 emission estimates from liquid manure storage based on US Environmental Protection Agency (EPA) and on-farm 
volatile solid (VS) flows (adj. US EPA) compared with the open-path estimates during the summer and winter measurement periods. Graphs 
(A) and (B) represent CH4 emissions from liquid manure storage on dairy 1 and 2, respectively. Error bars represent the 95% CI.
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tion to further investigate variation in CH4 emissions 
between the farms.
Emissions from animal housing (g of CH4/AU) were 
1.2 times greater on dairy 2 than dairy 1 during the 
summer measurement period (P ≤ 0.05), but similar 
between both farms during the winter measurement 
period (P > 0.05). This difference between the farms 
might have resulted from the relatively greater DMI 
on dairy 2 compared with dairy 1 during the summer 
measurement period (21.3 vs. 20.1 kg of DMI/lactating 
cow per day) compared with the winter measurement 
period (20.3 vs. 19.9 kg of DMI/lactating cow per day). 
This hypothesis is supported by similar CH4 yields (g of 
CH4/kg of DMI) from animal housing across the farms 
and seasons (Figure 6). On dairy 1 and 2, CH4 yields 
from animal housing averaged 20.2 g of CH4/kg of DMI 
(95% CI = 19.0–21.4) and 21.6 g of CH4/kg of DMI 
(95% CI = 19.4–23.6), respectively.
Emissions from liquid manure storage (g of CH4/
AU) were 1.5 and 3.2 times greater on dairy 1 than on 
dairy 2 during the summer and winter measurement 
periods, respectively. Consequently, the whole-facility 
CH4 emissions per AU on dairy 1 was greater than on 
dairy 2, likely driven by greater VS stored in liquid ma-
nure. Similar patterns were observed for CH4 emissions 
normalized by VS loading from liquid manure storage 
[CH4 (g/d)/VS (kg/d) produced by all cattle; Figure 
6]. Methane emissions normalized by VS loading from 
liquid manure storage on dairy 1 were 1.7 and 3.5 times 
greater than on dairy 2 during the summer and winter 
measurement periods, respectively. Dairy 1 stored a rel-
atively greater proportion of VS in liquid than dairy 2 
because it did not have a manure separator and housed 
a greater proportion of dairy cows in freestall barns 
from which manure and bedding VS were collected by 
flushing. VanderZaag et al. (2018) found that a screw 
press separator that removed 78% of VS reduced the 
CH4 emission potential by 81% on a volume basis. In 
addition, differences in manure handling could have 
contributed to the reduced emissions on dairy 2. The 
primary settling basin on dairy 2 was shallower (ap-
proximately 3 vs. 6 m on dairy 1) and therefore may 
have had a lower CH4-generation potential. Accord-
ing to IPCC (2006a), shallow anaerobic waste water 
lagoons (<2 m in depth) have a CH4 conversion factor 
between 0.0 and 0.3, and deep anaerobic waste water 
lagoons (>2 m in depth) have a CH4 conversion factor 
between 0.8 and 1.0. In addition, the settling basins 
on dairy 2 were cleaned out more recently; thus, they 
had less inoculum than the settling basins on dairy 1 
and may have had reduced CH4-generation potential 
(Vanderzaag et al., 2013). The possibility exists that 
different chemicals used in the wash water from the 
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however, we were unable to get detailed information on 
all chemicals used in the milking parlors.
The ratio of enteric to manure CH4 emissions on dairy 
1 were 21:79 and 46:54 during summer and winter, re-
spectively; the corresponding values on dairy 2 were 
31:69 and 74:26. These results suggest that manure 
management on dairy 1 might have contributed more 
than the 55% of whole-facility CH4 emissions estimated 
by the current inventory (CARB, 2017).
Methane Emissions Varied Between  
and Within Source Area
Different CH4 emissions were observed between and 
within on-farm sources (Figures 4 and 7). On dairy 
1, open-path estimated greater CH4 emissions for the 
freestall barns to the west [1,148 kg of CH4/d (95% CI 
= 1,106–1,192)] than for the dry lots to the east [446 kg 
of CH4/d (95% CI = 404–487)]. The US EPA (2017a) 
methodology estimated CH4 emissions similar to the 
open-path estimates for the freestall barns [1,296 kg of 
CH4/d (95% CI = 1,129–1,497)], but less CH4 emissions 
for the dry lots [188 kg of CH4/d (95% CI = 167–222)]. 
A prediction equation for enteric CH4 emissions from 
heifers, developed by Jiao et al. (2013), estimated simi-
lar CH4 emissions to US EPA [283 kg of CH4/d (95% CI 
= 201–366)] for the dry lots to the east. It is possible 
that manure CH4 emissions from dry lots were greater 
because the lots were muddy with patches of standing 
water. However, this hypothesis cannot be validated 
because dry lot emissions were not measured during the 
summer measurement period. In addition, it is possible 
that the prediction equation for heifers underestimated 
their emissions.
The various parts of the liquid manure storage sys-
tems on dairy 1 (2 settling basins, anaerobic lagoon, 
and overflow pond) and dairy 2 (1 settling basin, an-
aerobic lagoon, and flush pond) contributed different 
amounts of CH4 to the overall liquid manure storage 
emissions during the summer and winter measurement 
periods (Figure 7). On dairy 1, the settling basins were 
the largest source of CH4 emissions from liquid manure 
storage during the summer and winter measurement 
periods despite significantly lower total CH4 emissions 
from liquid manure storage during winter. On dairy 2, 
the settling basin was the largest source of CH4 emis-
Figure 6. Summer and winter methane (CH4) emissions predicted by US Environmental Protection Agency (US EPA) methodology and 
estimated by open-path for dairy 1 and dairy 2 during the summer and winter measurement periods. Figure (A) shows animal housing CH4 
emissions over DMI and (B) shows liquid manure storage CH4 emissions normalized by volatile solids (VS) loading on each dairy. Error bars 
represent the 95% CI.
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sions from liquid manure storage during the summer 
measurement period, whereas the anaerobic lagoon was 
the largest source of CH4 emissions during the winter 
measurement period. Leytem et al. (2017) and Borhan 
et al. (2011) observed that settling basins generated 
more CH4 than anaerobic lagoons during the summer 
but not the winter measurement period on 2 differ-
ent dairies. Leytem et al. (2017) suggested that CH4 
emissions from settling basins may be more affected by 
ambient temperature than CH4 emissions from anaero-
bic lagoons because of their relatively smaller storage 
volume. It is possible that a different emission pattern 
was observed on dairy 1 because 2 sequential settling 
basins were used, whereas dairy 2 and the dairies stud-
ied by Leytem et al. (2017) and Borhan et al. (2011) 
used only 1 settling basin. In addition, each of the set-
tling basins on dairy 1 were relatively large and about 
twice the size of the settling basin on dairy 2. Thus, the 
settling basins on dairy 1 may have functioned similar 
to an anaerobic lagoon.
Anaerobic lagoon emissions were more than 2 times 
greater during the first week compared with the second 
Figure 7. Methane (CH4) emissions from different liquid manure storage components (settling basin, anaerobic lagoon, overflow pond, and 
flush pond). Emissions are shown per day (A) and as percentage of total liquid manure emissions (B).
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week of the winter measurements on dairy 1 (596 vs. 
207 kg of CH4/d; Figure 4B). Storms occurred each day 
during the first week of measurements from January 18 
to 22 and may have caused agitation of the anaerobic 
lagoon, resulting in greater CH4 emissions. Baldé et 
al. (2016) found that agitation, such as rain events, 
led to increased emissions in a concrete storage tank; 
however, those authors noted that the increased emis-
sions may just be over the short-term and not sub-
stantially increase overall emission rates. Baldé et al. 
(2016) estimated that CH4 emission surges caused by 
agitation events increased the daily CH4 emission rate 
by 3 to 8%. VanderZaag et al. (2014) noted that high 
emissions during agitation were offset by very low emis-
sions after agitation, suggesting that the overall effect 
of high fluxes on total emissions is minimal. Although 
CH4 surges just slightly increased daily CH4 emissions 
when long-term measurements were conducted, these 
surges could cause an overestimation of CH4 emissions 
during short-term measurements.
In summary, the variation between and within CH4 
emission sources indicate that it is important to take 
representative measurements of all housing and liquid 
manure storage facilities on a dairy. Furthermore, all 
liquid manure storage areas need to be assessed repeat-
edly to make sure that representative CH4 emissions 
are measured and the possibility of overestimating or 
underestimating emissions is reduced due to CH4 surges 
or decreased emissions after CH4 surges.
CONCLUSIONS
Whereas the number of measurements was limited in 
this study, we were able to compare different techniques 
for measuring whole-facility CH4 emissions and found 
similar results among techniques. The open-path and 
vehicle techniques were able to distinguish between 
daily CH4 emissions from animal housing (primarily 
enteric fermentation) and liquid manure storage, the 
2 main CH4 sources on the studied farms. The open-
path results for CH4 emissions from animal housing 
were similar to monthly US EPA estimates, which were 
predicted using farm DMI and US EPA methodology. 
This indicates that US EPA estimates for CH4 pro-
duced by enteric fermentation may be used to predict 
CH4 emissions from manure storage by subtracting US 
EPA enteric CH4 estimates from whole-facility CH4 
emissions (housing and liquid manure storage) when 
separate emissions estimates are not available. Open-
path estimates for CH4 emissions from liquid manure 
storage broadly tracked monthly US EPA estimates. 
The proportion of CH4 contributed by the different 
liquid manure storage facilities changed over time. On 
1 dairy, US EPA assumptions estimated that 27% more 
VS were stored in the liquid manure system than based 
on calculations of on-farm management practices. In 
the future, US EPA VS flow assumptions should be 
validated and possible improvements could be made by 
including different manure management systems, such 
as anaerobic lagoons for replacement heifers and dry 
lots, for dairy cows. Furthermore, CH4 emissions from 
liquid manure should be measured on a monthly basis 
or more frequently throughout the year to validate the 
US EPA CH4 prediction for liquid manure manage-
ment, as other research has found that the US EPA 
methodology may over- or underestimate monthly CH4 
emissions. Substantial differences in CH4 emissions 
from liquid manure storage (g of CH4/kg of VS) be-
tween the 2 dairies indicated that CH4 emissions from 
California dairy farms could be significantly reduced 
by changes in manure management practices. However, 
future research is needed to evaluate the potential trad-
eoffs between manure stored in dry and liquid systems.
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